1. Introduction {#sec0001}
===============

Type 2 diabetes is a chronic and progressive condition with the number of diabetic patients increasing in the recent years. The pathogenesis of type 2 diabetes is insulin resistance or hyposensitivity, leading to diminished insulin secretion [@bib0001], [@bib0002]. Exenatide (Ex), consisting of 39 amino acids and sharing 53% of sequence homology with the mammalian glucagon-like peptide-1 (GLP-1) [@bib0003], is the first incretin mimetics approved by FDA and European Medicines Agency for the treatment of type 2 diabetes. Commercial Ex formulations are currently injected via the subcutaneous route either twice daily for an immediate-release formulation (Byetta^Ⓡ^, Eli Lily/Amylin, 2005) or once weekly for extended-release suspensions (Bydureon™, AstraZeneca, 2012) [@bib0004]. In order to achieve enhanced therapeutic efficacy for a prolonged period of time and reduce the need for frequent injections, recent investigations have focused on development of long-acting drug delivery systems, such as poly (D, L-lactic-co-glycolic acid) microspheres (PLGA-Ms), in order to achieve enhanced drug bioavailability, sustained drug release, and reduced frequency of injections.

PLGA, one of the polymers approved by FDA for human uses, has gained tremendous attention due to its great biocompatibility and has been used as carrier matrix to encapsulate proteins/peptides as well as sustain their release [@bib0005]. Water-in-oil-in-water (W/O/W) double emulsion is a commonly used method to prepare protein/peptide loaded PLGA-Ms due to its simple preparation procedure [@bib0006]. However, the high initial burst and low encapsulation efficiency (EE) limit its application, as the encapsulated drugs could easily migrate to the external water phase during the fabrication process with eventually deposited on the surface of Ms. In addition, the structure and functionality of proteins/peptides may be changed due to exposure to organic solvents. Indeed, the initial burst may result in unwanted side effects due to the dramatically elevated drug concentration especially for the drugs with a narrow therapeutic interval and short half-lives [@bib0007]. The low EE and inactivation of drugs may also increase the costs as well as decrease the therapeutic efficacy.

In this study, a modified solid-in-oil-in-water (S/O/W) multi-emulsion technique was developed to prepare composite PLGA-Ms containing exenatide-loaded lecithin nanoparticles (Ex-NPs) and their physicochemical properties, including morphology, particle size, EE, and *in vitro* drug release, were compared to that of PLGA-Ms prepared by the conventional W/O/W method. The modified S/O/W technique was based on a combination of exenatide-loaded lecithin nanoparticles and PLGA-Ms, where Ex-NPs were fabricated by the alcohol injection method and were further encapsulated into PLGA-Ms. Egg yolk lecithin (PC-98T), a natural phospholipid extracted from egg yolk and approved by CFDA for injections [@bib0008], was used as the matrix of NPs [@bib0009], [@bib0010], [@bib0011]. The structural integrity of Ex extracted from two types of Ms was also analyzed by circular dichroism (CD) spectrum and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Moreover, cytotoxicity of Ms was evaluated in a human keratinocyte (HaCaT) cell line and *in vivo* pharmacokinetics of Ms after subcutaneous administration was assessed in Sprague-Dawley (SD) rats.

2. Materials and methods {#sec0002}
========================

2.1. Materials {#sec0003}
--------------

Exenatide (Ex, purity 98.5%) was purchased from Jill Biochemical co., Ltd. (China). Poly D, L-lactic-co-glycolic acid (PLGA, Mw = 40,000; lactic: glycolic acid = 50:50) was obtained from Ji\'nan Daigang Biology (China). Egg yolk lecithin (PC-98T) was gained from A.V.T. Pharmaceutical Co., Ltd. (China). Tert-butanol was purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (China). Dichloromethane (DCM), D- (+) -trehalose dihydrate, and poly vinyl alcohol (PVA 1788, Mw 74.9 kDa) were obtained from Aladdin Reagent co., Ltd. (China). Micro-BCA protein assay kit was purchased from CoWin Biotech Co., Ltd. (China). Sprague-Dawley (SD) rats were supplied by Guangdong Medical Laboratory Animal Center (China). All other reagents were analytical grade.

2.2. Preparation of Ex-NPs {#sec0004}
--------------------------

Ex-NPs were prepared via the alcohol injection-lyophilization method. Briefly, Ex (2 mg) was firstly dissolved in 1.0 ml of trehalose solution (1 mg/ml) to obtain an aqueous phase, while egg yolk lecithin was dissolved in tert-butanol to form an organic phase (30 mg/ml). The organic phase was slowly dropped into the aqueous phase under stirring at 1200 rpm at 37 °C for 20 min. Afterwards, the mixture was snap frozen into liquid nitrogen and lyophilized to form freeze dried Ex-NPs (S). The particle size of Ex-NPs dispersed in deionized water was measured via dynamic light scattering (Malvern Master Sizer 2000, Malvern Instruments, UK). The morphology of Ex-NPs dispersed in DCM-acetone mixture was observed by transmission electron microscopy (TEM) (JEM-2100F, JEOL Ltd., Japan).

2.3. Preparation of Ex-NPS-loaded PLGA-Ms (Ex-NPs-PLGA-Ms) and Ex-loaded PLGA-Ms (Ex-PLGA-Ms) {#sec0005}
---------------------------------------------------------------------------------------------

Ex-NPs (10 mg, S) were resuspended uniformly in a mixture of DCM and acetone (2 ml, 1:1, v/v) containing PLGA (10%, w/v, O) and were immediately emulsified by adding into 20 ml PVA solution (5%, w/v, W). Afterwards, the resultant mixture was sonicated at a power of 300 W in ice bath for 30 s to obtain the S/O/W multi-emulsion. The emulsion was instantly transferred into a large flask containing 500 ml sodium chloride solution (5%, w/v) with constant agitation for 3 h to volatilize organic solvents and formulate Ms. Subsequently, Ms were collected by centrifugation and washing with deionized water for three times. Finally, Ex-NPs-PLGA-Ms were pre-frozen at −80 °C overnight and lyophilized.

Ex-PLGA-Ms prepared by conventional water-in-oil-in-water (W/O/W) multi-emulsion method were used as a comparision. Ex (2 mg) and trehalose were dissolved in deionized water to form an internal aqueous phase (W), which was then suspended in a mixture of DCM and acetone containing PLGA (10%, w/v, O) through vortex mixing to obtain a primary emulsion (W/O). Afterwards, the primary emulsion was rapidly dispersed in PVA solution (W) by ultra-sonication to form a W/O/W emulsion. Ex-PLGA-Ms were obtained and collected as mentioned above in the preparation of Ex-NPs-PLGA-Ms.

2.4. Morphology and particle size distribution {#sec0006}
----------------------------------------------

The morphology of Ex-NPs-PLGA-Ms and Ex-PLGA-Ms was observed using scanning electron microscopy (SEM) (JSM-6330F, JEOL Ltd., Japan). The particle size and size distribution were measured via dynamic light scattering using Malvern Master Sizer 2000 (Malvern Instruments, UK). Polydispersity was determined by the span value expressed in$$\text{Span} = \frac{D_{V,90\%} - D_{V,10\%}}{D_{V,50\%}}$$where D~V,90%~, D~V,50%~, and D~V,10%~ are volume size diameters at 90%, 50%, and 10% of the cumulative volume, respectively. The smaller span value represents the narrower particle size distribution.

2.5. Drug loading content (DLC) and EE {#sec0007}
--------------------------------------

To determine the DLC and EE of Ms, Ex-NPs-PLGA-Ms and Ex-PLGA-Ms (∼5 mg) were precisely weighed and dissolved in 2 ml 0.1 M NaOH solution containing 0.5% (w/v) of sodium dodecyl sulfate (SDS) in a centrifuge tube [@bib0012], [@bib0013], [@bib0014]. Afterwards, the mixture was vibrated slowly using an orbital shaker (HZS-H, Dongming medical instrument factory, China) at 37 °C for 24 h and centrifuged at 12 000 rpm for 10 min. Finally, the supernatant was collected and the concentration of Ex was measured by the micro-BCA assay (CWBIO, China). DLC and EE of Ms were determined using the following [Eq. 2](#eqn0002){ref-type="disp-formula"} and [Eq. 3](#eqn0003){ref-type="disp-formula"}, respectively.$${\text{DLC}\mspace{6mu}}\left( \% \right) = \frac{\text{Weight}\mspace{6mu}\text{of}\mspace{6mu}\text{drug}\mspace{6mu}\text{in}\mspace{6mu}\text{microspheres}}{\text{Weight}\mspace{6mu}\text{of}\mspace{6mu}\text{microspheres}} \times \mspace{6mu} 100\%$$$${\text{EE}\mspace{6mu}}\left( \% \right) = \frac{\text{Actual}\mspace{6mu}\text{drug}\mspace{6mu}\text{loading}\mspace{6mu}\text{content}}{\text{Theoretical}\mspace{6mu}\text{drug}\mspace{6mu}\text{loading}\mspace{6mu}\text{content}} \times \mspace{6mu} 100\%$$

2.6. Fourier-transform infrared (FTIR) and circular dichroism (CD) {#sec0008}
------------------------------------------------------------------

FTIR was performed to detect the interaction between proteins and polymer matrix. Ex, blank PLGA-Ms, Ex-NPs-PLGA-Ms, Ex-PLGA-Ms, and a physical mixture of Ex and PLGA (according to the ratio in Ms) were determined using a FTIR spectroscope (Bruker Tensor 37 spectrophotometer Bruker, Germany). Each sample was initially mixed with potassium bromide at a ratio of 1:30--1:100 and compressed into flakes for FTIR assay. The detection wavelength was in the range of 400--4000 cm^−1^ and the number of scans was 64 times with a resolution of 4 cm^−1^.

The influence of preparation process on the secondary structure of Ex was investigated by CD spectroscopy (Chirascan, Applied Photophysics Ltd., UK). Ex-NPs-PLGA-Ms and Ex-PLGA-Ms were weighed, dissolved in DCM, and centrifuged at 12,000 rpm for 5 min. The sediment was subsequently collected and dissolved in deionized water to obtain the sample. The secondary structure of extracted Ex was determined by CD assay and compared to that of the original Ex solution. The samples were measured at the detection wavelength of 180--260 nm under a nitrogen atmosphere using a quartz cell with a path length of 1.0 mm. Each sample was tested in triplicate.

2.7. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis {#sec0009}
----------------------------------------------------------------------------------

SDS-PAGE analysis was performed to detect the structural integrality of Ex prepared by the two techniques. Ex-NPs-PLGA-Ms and Ex-PLGA-Ms were weighed, dissolved in DCM, and extract Ex by adding PBS (pH 7.4) and vortex. The mixture was then centrifuged at 12 000 rpm for 10 min and the supernatant was obtained for SDS-PAGE analysis. All protein samples were heated up in boiling water for 5 min and electrophoresed at a constant voltage of 120 V. After migration, Coomassie Bright Blue was added to the gel for staining and revealing protein [@bib0015]. Finally, the gel was de-stained repeatedly until the protein strips became obvious and detected using GelDoc-IT Imaging System.

2.8. In vitro drug release {#sec0010}
--------------------------

The amount of 5 mg Ms was dispersed in 1.0 ml PBS (pH 7.4) and was placed in an orbital shaker shaking at 100 rpm at 37 °C. At predetermined time points, the supernatant was withdrawn after centrifugation at 10,000 rpm for 5 min and the entire release medium was replaced with 1.0 ml fresh PBS to maintain the sink conditions [@bib0016]. The quantification of released Ex was carried out using a Microplate Absorbance Reader (BioTek ELX800, BioTek Instruments, Inc., Highland Park, USA). All tests were performed in triplicate.

2.9. Cytotoxicity {#sec0011}
-----------------

Cytotoxicity of Ex-NPs-PLGA-Ms and Ex-PLGA-Ms was investigated using an MTT assay in a human keratinocyte (HaCaT) cell line [@bib0017]. The cells were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) with 10% (v/v) fetal bovine serum and 1% penicillin and streptomycin under an atmosphere of 5% CO~2~ at 37 °C. HaCaT cells were then seeded in 96-well microplates at a concentration of 5 × 10^3^ cells per well with 100 µl medium and incubated at 37 °C for 24 h. Subsequently, Ms suspensions with concentrations ranged from 0.25 to 2.0 mg/ml were added and incubated at 37 °C for 24 and 48 h. Afterwards, the culture medium was substituted by MTT solutions (5 mg/ml) and the microplates were further incubated at 37 °C for 4 h. After removal of the culture medium and adding dimethyl sulfoxide (DMSO), optical densities were measured using a microplate absorbance reader at a wavelength of 490 nm.

2.10. In vivo pharmacokinetics {#sec0012}
------------------------------

Pharmacokinetics of Ex-NPs-PLGA-Ms and Ex-PLGA-Ms were investigated in male Sprague-Dawley (SD) rats weighed between 250--300 g. All animal experimental procedures were in conformity with National Institute of Health and Nutrition Guidelines for the Care and Use of Laboratory Animals and authorized by the Ethical Committee on Animal Experimentation at Sun Yat-sen University. The animals housing under controlled conditions of 12/12 h light/dark cycle received food and water *ad libitum*. All animals acclimated for 1 week prior to studies.

Fifteen rats were randomly divided into three groups (*n* = 5) and administered Ex-NPs-PLGA-Ms, Ex-PLGA-Ms, or native Ex solution at 100 µg/kg via subcutaneous injections. Ms were uniformly resuspended in an injectable medium containing 0.75% (w/v) sodium carboxymethyl cellulose and 0.1% (w/v) Tween 20, and all formulations were sterilized by radiation for 60 min before injections. Blood samples were collected from the orbit of rats using ice-cold heparinized polyethylene tubes at predetermined times and immediately treated with aprotinin solution (2 mg/ml, 1/40 volume of blood). All the samples were centrifuged at 3500 rpm for 15 min and the supernatant was stored at −80 °C for future experiments. Quantitative analysis of Ex was performed using commercial exenatide-4 EIA kits (EK-070-94 425D, Phoenix Pharmaceuticals, Inc. USA).

2.11. Histology {#sec0013}
---------------

Rats were sacrificed after completion of pharmacokinetics studies and their skin tissues at the subcutaneous injection site were collected, fixed with 10% formalin solution, embedded with paraffin, stained with hematoxylin and eosin (H&E), and imaged using a light microscope.

2.12. Statistical analysis {#sec0014}
--------------------------

All experimental data were obtained at least in triplicates and expressed as mean values ± standard deviation (mean ± SD). Statistical significance was analyzed using one-way ANOVA with differences considered statistically significant if *P* \< 0.05.

3. Results and discussion {#sec0015}
=========================

3.1. Physicochemical properties {#sec0016}
-------------------------------

Ex-NPs appeared as dispersed solid spheres with an average particle size of 276.9 ± 4.6 nm ([Fig. 1](#fig0001){ref-type="fig"}), suggesting that Ex-NPs have been successfully prepared by the alcohol injection-lyophilization method and their spherical morphology was well maintained after lyophilization.Fig. 1(A) TEM image of lyophilized Ex-NPs dispersed in the mixture of DCM and acetone; A representative magnified image is displayed in the top right corner; scale bar = 500 nm. (B) Size distribution of Ex-NPs.Fig 1

Physicochemical characteristics of Ms prepared by S/O/W and W/O/W methods, including particle size, Span values, and EE%, were evaluated and summarized in [Table 1](#tbl0001){ref-type="table"}. Ms prepared by the S/O/W method showed a relatively large particle size (5.29 ± 0.98 µm) and a narrow size distribution with a Span value of 1.32 ± 0.01, indicating that the S/O/W method formulated Ms with a good uniformity of particle size.Table 1Physicochemical characteristics of Ms prepared by S/O/W and W/O/W methods (mean ± SD, *n* = 3).Table 1Preparation methodD~V,50~ (µm)Span valueDLC (%)EE (%)S/O/W5.29 ± 0.981.32 ± 0.010.66 ± 0.0466.33 ± 3.75W/O/W4.82 ± 1.271.66 ± 0.030.62 ± 0.0561.82 ± 4.85

The morphology of Ms prepared by both S/O/W and W/O/W methods was investigated using SEM with images shown in [Fig. 2](#fig0002){ref-type="fig"}. Ex-NPs-PLGA-Ms showed a more uniform size distribution and more even spherical shapes ([Fig. 2](#fig0002){ref-type="fig"}A) compared to Ex-PLGA-Ms ([Fig. 2](#fig0002){ref-type="fig"}A). This might be attributed to the superior surfactant and amphoteric properties of lecithin originating from hydrophilic phosphates and hydrophobic fatty acid groups, which could reduce the interfacial tension between oil and water, allowing a quick formation of uniform multi-emulsion [@bib0018]. On the contrary, the hydrophilic internal water phase of double emulsions was not well dispersed in the PLGA solution during the preparation process of MS via the W/O/W method, which could hinder the formation of uniform particles [@bib0019]. Thus, Ex-NPs-PLGA-Ms showed a more uniform particle size distribution compared to Ex-PLGA-Ms.Fig. 2SEM images of Ms prepared by S/O/W (A) and W/O/W (B) methods.Fig 2

The EE of Ex-NPs-PLGA-Ms was 66.33% ± 3.75%, which was higher than that of Ex-PLGA-Ms (61.82% ± 4.85%). It was speculated that water-soluble Ex was easily diffused to the external water phase during the process of preparation via the W/O/W method, leading to drug absorption on the surface of Ms [@bib0020]. For Ms prepared by the modified S/O/W method, on the other hand, Ex was initially encapsulated and stabilized into nanoparticles, resulting in an even drug distribution in Ms and increased EE%.

3.2. FTIR and CD analysis {#sec0017}
-------------------------

FTIR spectroscopy was used to investigate interactions between drug molecules and PLGA polymers. As shown in [Fig. 3](#fig0003){ref-type="fig"}A, Ex was a macromolecular peptide, exhibiting hydrogen-bonded stretching vibrations υ~N-H~ (3303.1 cm^−1^) and υ~C-H~ (3065.4 cm^−1^) as well as characteristic absorption peaks of peptides (υ*~C~*~=~*~O~* stretching vibration at 1657.2 cm^−1^, δ~N-H~ in-plane bending vibration and υ~C-N~ stretching vibration at 1542.6 cm^−1^, υ~C-~*~C~*~=~*~O~* stretching vibration peak at 1203.4 cm^−1^, and δ~C---C~ skeleton stretching vibration at 1139.5 cm^−1^) [@bib0021]. Blank PLGA Ms showed characteristic hydrocarbon absorption peaks at 3004.9--2956.3 cm^−1^ and 1748.6 cm^−1^ originating from υ~C-N~ stretching bands and ester functional groups of υ*~C~*~=~*~O~* stretching bands, respectively [@bib0022]. All the typical bands of Ex and PLGA were observed in the spectrum of their physical mixture, demonstrating that no interactions were formed between Ex and PLGA [@bib0023]. On the contrary, no characteristic absorption peaks of Ex were shown in the spectra of Ms prepared by the two methods, while all the PLGA characteristic absorption peaks were found without obvious chemical shifts. These results indicated that Ex was completely encapsulated into PLGA matrix with both modified S/O/W and W/O/W methods showing efficient drug loading. Therefore, Ex was well surrounded by a protective PLGA layer that prevented Ex from rapid degradation in the preparation process of Ms.Fig. 3(A) FTIR spectra of Ex, PLGA, physical mixture of Ex and PLGA, Ex-NPs-PLGA-Ms, and Ex-PLGA-Ms. (B) Far-UV CD spectrum of original Ex solution and Ex extracted from Ex-NPs-PLGA-Ms as well as Ex-PLGA-Ms.Fig 3

It is well known that CD could determine the α-helix (double negative peaks at 208 and 223 nm) and β-sheet (positive peak at 192 nm) structures of peptides [@bib0024]. In this study, Ex extracted from both Ex-NPs-PLGA-Ms and Ex-PLGA-Ms was analyzed by CD spectroscopy to identify if its unique secondary/tertiary structures were changed during the preparation process of Ms, which may affect biological activities of Ex. As shown in [Fig. 3](#fig0003){ref-type="fig"}B, two minima at 208 and 223 nm with double negative peaks were observed in the spectrum of original Ex solutions, indicating a typical α-helix structure [@bib0025]. Compared to the original Ex solution, there were no remarkable changes in the secondary structure of Ex extracted from Ms prepared by two methods, suggesting that both S/O/W and W/O/W preparation techniques did not affect the chemical construction of Ex and thereby preserving the biological functionality of encapsulated Ex.

3.3. SDS-PAGE analysis {#sec0018}
----------------------

As shown in [Fig. 4](#fig0004){ref-type="fig"}, the characteristic bands of Ex were presented in all the groups with their positions remaining consistent, suggesting that the molecular weight and structural integrity of Ex were not changed during the preparation of Ms via both S/O/W and W/O/W methods. This could be due to the present of cryoprotectant trehalose, which formed hydrogen bonding with polar head groups of amino acids to protect encapsulated Ex during the process of lyophilization [@bib0016], [@bib0029], [@bib0030].Fig. 4SDS-PAGE analysis of original Ex (a) and Ex extracted from Ex-NPs-PLGA-Ms (b) as well as Ex-PLGA-Ms (c).Fig 4

3.4. In vitro drug release {#sec0019}
--------------------------

*In vitro* drug release of Ex-NPs-PLGA-Ms and Ex-PLGA-Ms in PBS (pH 7.4) medium was investigated. As shown in [Fig. 5](#fig0005){ref-type="fig"}A, Ex was slowly released from Ms prepared by both methods for over 60 d The drug release profile of Ex-PLGA-Ms showed a tri-phase pattern with an obvious initial burst release (27.32% ± 3.21%) observed within 24 h. In the first 4 d, drugs were rapidly released from Ex-PLGA-Ms with the pattern closely matching the Higuchi model. Afterwards, a lag phase was subsequently observed between day 4 and 35 due to the slow diffusion of encapsulated drugs from Ms. PLGA carrier matrix was continuously hydrolyzed, resulting in a direct contact between internal pores and the release medium. In the following phase, the rate of drug release gradually accelerated until encapsulated Ex was completely released from Ms, with the pattern fitting the first-order model. The obvious initial burst of Ex-PLGA-Ms was presumably attributed to the rapid escape of drugs adsorbed on the surface or leakage through the water channels of Ms [@bib0026]. Drugs could easily migrate to the external water phase during the fabrication process of MS via the W/O/W method due to the high hydrophilicity of Ex, resulting in an uneven drug distribution in Ex-PLGA-Ms with drugs adsorbed on the surface. In addition, as shown in [Fig. 2](#fig0002){ref-type="fig"} and [Table 1](#tbl0001){ref-type="table"}, Ex-PLGA-Ms prepared via the conventional W/O/W technique possessed a relatively small particle size with a large surface area and irregular aggregates, which could lead to remarkable initial burst and insufficient therapeutic concentrations of drugs released from microspheres in later stages.Fig. 5(A) *In vitro* drug release profiles of Ms prepared by S/O/W and W/O/W methods (*n* = 3). (B) A schematic diagram of the mechanism resulting in different structure of Ex-NPs-PLGA-Ms and Ex-PLGA-Ms.Fig 5

In contrast, drugs were constantly and slowly released from Ex-NPs-PLGA-Ms with a reduced initial burst release (less than 11.90% ± 1.73%) within 24 h. The overall drug release profile closely matched to the Ritger--Peppas model with the fitting equation showing as follows:$$Q = 9.996t^{0.5571}\mspace{6mu}\left( {R^{2} = 0.9933} \right)$$

The fitting results indicated that the mechanism of drugs released from Ex-NPs-PLGA-Ms was a combination of Fick\'s diffusion and erosion of skeleton structures. Specifically, the mechanism of Ex diffusion accelerated erosion of the PLGA skeleton, which in turn slowed down the migration of Ex to the external surface of PLGA skeletons [@bib0027]. The initial burst of Ex-NPs-PLGA-Ms was thus greatly reduced compared to that of Ex-PLGA-Ms. The immobility of Ex and its uniform distribution in Ex-NPs-PLGA-Ms could also contribute to the constantly slow drug release ([Fig. 5](#fig0005){ref-type="fig"}B) and thereby avoid potential risks of excess drugs at the initial stage and insufficient therapeutic concentrations at later stages as well as peak-valley fluctuations [@bib0019]. Also, lecithin in Ex-NPs might affect the properties of Ms polymer matrix, slowing down the hydrolysis process of Ms and prolonging the duration of sustained drug release [@bib0028]. Overall, Ms prepared by both techniques achieved sustained drug release over 60 d and Ex-NPs-PLGA-Ms exhibited a more constant drug release profile with reduced initial burst compared to Ex-PLGA-Ms.

3.5. Cytotoxicity {#sec0020}
-----------------

Cytotoxicity of HaCaT cells after incubation with Ex-NPs-PLGA-Ms and Ex-PLGA-Ms was investigated. As shown in [Fig. 6](#fig0006){ref-type="fig"}, cell viability of HaCaT cells was more than 90% in both groups treated with Ms at all the concentrations between 0.25--2.0 mg/ml at 24 and 48 h post treatment, suggesting negligible cytotoxicity and desirable biocompatibility of Ex-NPs-PLGA-Ms and Ex-PLGA-Ms. It is commonly believed that PLGA polymers with superior biocompatibility and safety can be used as an injectable carrier material [@bib0031], [@bib0032]. Cytotoxicity results in this work further support the safety of PLGA based Ms.Fig. 6Cell viability of HaCaT cells after 24 (A) and 48 h (B) of incubation with Ex-NPs-PLGA-Ms and Ex-PLGA-Ms (mean ± SD, *n* = 6).Fig 6

3.6. In vivo pharmacokinetics {#sec0021}
-----------------------------

*In vivo* studies were performed in SD rats and pharmacokinetic parameters of formulations were summarized in [Table 2](#tbl0002){ref-type="table"}. Both Ex-NPs-PLGA-Ms and Ex-PLGA-Ms achieved sustained drug release over 30 d *in vivo* after a single injection ([Fig. 7](#fig0007){ref-type="fig"}). According to the instruction of Byetta^Ⓡ^, the minimal dose of Ex to achieve effective glycemic control was approximately 1.04 ng/ml. The Ex concentration in plasma reached an extremely high *C*~max~ of 128.72 ± 12.31 ng/ml with a short *T*~1/2~ of 11.33 ± 10.39 h after injection of Ex solution due to the rapid absorption and elimination, which may lead to inefficient treatment. Two types of Ms, on the other hand, exhibited sustained drug release behavior for up to 30 d *in vivo*. The *C*~max~ in the group treated with Ex solution was slightly higher than that in the other groups received Ms (106.14 ± 10.31 ng/ml for Ex-NPs-PLGA-Ms and 109.08 ± 14.16 ng/ml for Ex-PLGA-Ms), however, the *T*~1/2~ was much shorter than that in the Ms formulation groups (108.41 ± 16.22 h for Ex-NPs-PLGA-Ms and 109.20 ± 17.50 h for Ex-PLGA-Ms). Therefore, both Ex-NPs-PLGA-Ms and Ex-PLGA-Ms could potentially provide long-term therapeutic efficacy with reduced frequency of injection. It is worth mentioning here that the plasma drug concentration in the Ex-NPs-PLGA-Ms group was higher than that in Ex-PLGA-Ms group at 4 h post injection, which could be due to the initial burst release and rapid drug clearance within the first 2 h. Moreover, the AUC~0-∞~ in the group treated with Ex-NPs-PLGA-Ms was 10,298.89 ng·h/ml, which was significantly higher than that in the group received Ex-PLGA-Ms (6408.19 ng·h/ml) (*P* \< 0.01). This could be due to the uniform distribution of Ex-NPs in the PLGA matrix and constantly slow Ex release from Ex-NPs-PLGA-Ms for 4 weeks.Table 2Pharmacokinetic parameters of Ex solution and Ex-NPs-PLGA-Ms as well as Ex-PLGA-Ms after subcutaneous administration in SD rats (mean ± SD, *n* = 5).Table 2Pharmacokinetic parametersEx solutionEx-NPs-PLGA-MsEx-PLGA-Ms*C*~max~ (ng/ml)128.72 ± 12.31106.14 ± 10.31109.08 ± 14.16*T*~1/2~ (h)11.33 ± 10.39108.41 ± 16.22109.20 ± 17.50 hAUC~0-∞~ (ng·h/ml)393.65 ± 45.3310,298.89 ± 1027.106408.19 ± 2775.31MRT(h)3.22 ± 0.43196.88 ± 8.88155.22 ± 43.17Fig. 7Ex concentration-time curve in plasma after subcutaneous administration in SD rats; the insert presents Ex concentration-time curve in plasma within the first 24 h post injection (mean ± SD, *n* = 5).Fig 7

Compared to *in vitro* data, Ms prepared by both techniques degraded faster *in vivo*. The predominant mechanism of drug release *in vitro* was degradation of PLGA carrier matrix and Ex diffusion; however, the complex *in vivo* environment with non-specific enzymatic catalysis and fluid infiltration in the surroundings could further accelerate the process [@bib0033], [@bib0034]. In comparison with Ex-NPs-PLGA-Ms, the contact surface area of Ex-PLGA-Ms with enzymes *in vivo* could be greater due to their smaller particle size. Therefore, the burst initial release of Ex-PLGA-Ms might be affected by enzymatic catalysis *in vivo* more obviously, particularly within the first 2 h. On the contrary, the rate of drug release from Ex-NPs-PLGA-Ms was constantly slow, which could avoid unwanted side effects, such as hypoglycemia [@bib0035], induced by peaks and valleys in blood glucose levels. Overall, Ex-NPs-PLGA-Ms with great biocompatibility and low toxicity could be a promising drug delivery system for the long-term treatment of diabetes.

3.7. Histology {#sec0022}
--------------

Histological examination was performed to evaluate the biocompatibility of Ms. As shown in [Fig. 8](#fig0008){ref-type="fig"}, the tissue at the injection site has recovered with no pathological changes including plasma cell infiltration, local lymphocytic infiltration, and capillary hyperplasia observed in all the groups. Although PLGA polymer may cause damage to the tissue due to their slow degradation and generated acidic oligomers, it was expected that PLGA based formulations with low doses would not result in detectable damage [@bib0035], [@bib0036]. Therefore, Ms prepared by both methods were biocompatible and safe for subcutaneous injection.Fig. 8Histological examination of tissues collected at the injection site in SD rats. (A) Saline; (B) Ex solution; (C) Ex-NPs-PLGA-Ms; (D) Ex-PLGA-Ms; scale bar = 200 nm.Fig 8

4. Conclusion {#sec0023}
=============

In this study, a modified S/O/W multi-emulsion method was developed to prepare composite PLGA microspheres containing exenatide loaded nanoparticles (Ex-NPs-PLGA-Ms). Compared to Ms prepared by the conventional (W/O/W) multi-emulsion method, Ex-NPs-PLGA-Ms showed a uniform particle size distribution and *in vitro* sustained drug release for 60 d with reduced initial burst. Moreover, Ex was constantly and slowly released from Ex-NPs-PLGA-Ms for 4 weeks *in vivo* after a single injection via the subcutaneous route. In conclusion, Ex-NPs-PLGA-Ms prepared by the newly developed S/O/W method could be a promising formulation for treatment of type 2 diabetes.
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